Purpose: Src is overexpressed or hyperactivated in a variety of human cancers, including thyroid carcinoma. Src is a central mediator in multiple signaling pathways that are important in oncogenesis and cancer progression. In this study, we evaluated the effects of an Src inhibitor, SKI-606 (bosutinib), in a spontaneous metastatic thyroid cancer model with constitutively activated Src (Thrb PV/PV Pten þ/À mice).
Introduction
The incidence of thyroid cancer, the most common malignancy in the endocrine organs, has greatly increased in the past 2 decades around the world (1) . In the United States, it is estimated that 48,020 new cases of thyroid cancer was diagnosed in 2011, and the age-adjusted incidence increased by 6.4% between 1997 and 2008 (2) . Approximately 95% of all thyroid cancer is differentiated thyroid cancer, which has a good prognosis after initial treatment regimens, including thyroid surgery, adjuvant radioiodine, and thyroxine suppression of thyroid-stimulating hormone (TSH). However, distant metastases at the time of diagnosis are present in 5% of patients, and recurrent disease occurs in another 10% to 15%. Approximately half of these cases can be cured with additional surgery or additional radioiodine therapy, but the other half become radiorefractory and those patients have a poor survival rate (3) (4) (5) . Currently, no effective therapy exists for this subgroup of patients.
A number of multitargeted kinase inhibitors designed for patients with advanced or progressive metastatic thyroid cancers have entered clinical trials. Most of these agents have targeted angiogenesis primarily, and the activity they have in common is that of inhibiting the VEGF receptor (4, 6) . However, none of these kinase inhibitors has yet been shown to improve survival for patients with thyroid cancer. The low rate of partial responses, the absence of complete responses, and the emergence of resistance in all of the various monotherapy trials underscore the need either to develop more effective single agents or to identify rational combinations of therapeutic targets that have synergistic effectiveness (6) .
Src plays critical roles in cell proliferation, survival, motility, migration, cell-matrix adhesion dynamics, and regulation of cytoskeleton, via multiple downstream signaling pathways including mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K), and focal adhesion kinase (FAK; refs. [7] [8] [9] . Src family kinases are overexpressed or hyperactivated in human neoplasms, including breast, colorectal, prostate, pancreas, head and neck, and lung, as well as thyroid carcinoma. Aberrant activation of Src is highly associated with the aggressive invasiveness of thyroid carcinoma (10) (11) (12) . The Src inhibitors-dasatinib, saracatinib, and SKI-606 (bosutinib)-are in phase II clinical trials for treatment of metastatic breast and prostate cancers (7, 13) . SKI-606, a multikinase inhibitor originally identified as an Src and Abl kinase inhibitor, is effective in vitro on chronic myeloid leukemia cells and breast and colorectal cancer cells; it is also effective in multiple xenograft tumor models (14) (15) (16) (17) (18) (19) . However, the effects of SKI-606 in patients with thyroid cancer have not yet been reported.
The development of a mouse model of thyroid cancer, the Thrb PV/PV mouse, has provided a useful tool to elucidate the molecular basis of thyroid carcinogenesis (20, 21) . As Thrb PV/PV mice age, they spontaneously develop follicular thyroid carcinoma similar to human thyroid cancer with a pathologic progression from hyperplasia to capsular invasion, vascular invasion, and eventually metastasis (20) . We have recently shown that the Src kinase pathway is activated to promote thyroid carcinogenesis of Thrb PV/PV mice (22) . The Thrb PV/PV Pten þ/À mouse model was created by introducing haploid deficiency of the silencing of the tumor suppressor gene Pten (phosphatase and tensin homolog deleted from chromosome 10) into Thrb PV/PV mice. PTEN deficiency further exacerbates the overactivated PI3K/AKT signaling, leading to more aggressive cancer phenotype with decreased survival and increased distant metastasis, making it useful for preclinical studies (22, 23) .
The aim of the present study was to evaluate the effect of inhibiting Src activity by SKI-606 in the Thrb PV/PV Pten þ/À mouse model. This spontaneous metastatic thyroid cancer model is ideal for assessing the effect of SKI-606 on cancer progression from early capsular invasion to late pulmonary metastasis. The effect of Src inhibition could be assessed in a whole-animal context because many functions of the Src family kinases in multiple signaling pathways are integrated into an intact immune system and microenvironment (7, 8, 24) .
Our studies showed that SKI-606 treatment inhibited not only thyroid tumor growth but also distant metastasis of thyroid cancer. SKI-606 reduced tumor growth by inhibiting cell proliferation and preventing dedifferentiation of tumor cells. These responses were accompanied by downregulation of MAPK pathways and inhibition of epithelialmesenchymal transition (EMT). These findings from this preclinical study indicate that the Src inhibitors are potentially effective strategies for the treatment of refractory thyroid cancer.
Materials and Methods

Animals and treatment
The National Cancer Institute Animal Care and Use Committee approved the protocols for animal care and handling in the present study. Mice harboring the ThrbPV gene (Thrb PV/PV mice) were prepared via homologous recombination, and genotyping was carried out using the PCR method, as previously described (20 (14, 18) starting at the age of 6 weeks. Mice were monitored until they became moribund with rapid weight loss, hunched posture, and labored breathing. The thyroids and lungs were dissected after mice were euthanized for weighing, histologic analysis, and biochemical studies.
Hormone assay
Serum levels of total T4 were determined by using a GammaCoat T4 assay RIA kit (DiaSorin) as previously described (21) . Serum TSH levels were measured as previously described (25) .
Histopathologic analysis
Thyroid glands and lungs were dissected and fixed in 10% neutral-buffered formalin (Sigma-Aldrich) and subsequently embedded in paraffin. Five-micrometer thick sections were prepared and stained with hematoxylin and eosin. For each animal, single random sections of thyroid and lung were examined. For thyroids, morphologic evidence of hyperplasia, capsular invasion, and vascular invasion was routinely examined in that single section. The presence of a single microscopic focus of metastatic follicular carcinoma in the lung was counted as a metastatic lesion in that animal.
Immunohistochemistry was conducted as previously described with some modifications (26) . For the antigen retrieval step, slides were heated in 0.05% citraconic anhydride solution (Sigma-Aldrich; pH 7.4) at 98 C for 60 minutes followed by treatment with rabbit anti-Ki-67 (1:300 dilution, NeoMarker; Thermo Scientific) at 4 C overnight. The antigen signals were detected by treatment
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with the peroxidase substrate diaminobenzidine followed by counterstaining with Gill's hematoxylin.
Western blot analysis
Preparation of whole-cell lysates from thyroid glands has been described previously (27) . The protein sample (20-30 mg) was loaded and separated by SDS-PAGE. After electrophoresis, the protein was electrotransferred to a polyvinylidene difluoride membrane (Immobilon-P; Millipore Corp.). The antibodies p-Src (1:1,000 dilution), total Src (1:1,000 dilution), total FAK (1:500 dilution), glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 1:1,000 dilution), p-Rb (1:500 dilution), total Rb (1:250 dilution), CDK4 (1:1,000 dilution), CDK6 (1:1,000 dilution), Bad (1:500 dilution), cleaved caspase-3 (1:500 dilution), cleaved PARP (1:500 dilution), p-ERK (1:1,000 dilution), total ERK (1:1,000 dilution), p-p38 MAPK (1:1,000 dilution), total p38 MAPK (1:1,000 dilution), p-JNK (1:1,000 dilution), total JNK (1:1,000 dilution), vimentin (1:1,000 dilution), and Slug (1:1,000 dilution) were purchased from Cell Signaling Technology. Antibodies for cyclin B1 (1:500 dilution), cyclin D1 (1:300 dilution), cyclin E (1:500 dilution), E2F1 (1:200 dilution), Bax (1:200 dilution), MMP-2 (1:200 dilution), MMP-9 (1:200 dilution), and E-cadherin (1:250 dilution) were purchased from Santa Cruz Biotechnology. Antibody for p-FAK (1:500 dilution) was from BioSource (Invitrogen). Antibody for Bcl-XL (1:1,000 dilution) was purchased from NeoMarker (Thermo Scientific). The blots were stripped with Re-Blot Plus (Chemicon) and reprobed with rabbit polyclonal antibodies to GAPDH. Band intensities were quantified by using NIH IMAGE software (ImageJ 1.34s; Wayne Rasband, NIH, Bethesda, MD).
Quantitative real-time reverse transcriptase PCR
Total RNA from thyroid tumors was extracted by TRIzol (Invitrogen), followed by RNase-free DNase treatment (Qiagen) and was purified as described (RNeasy Mini Kit; Qiagen). One C to 95 C with a heating rate of 0.1 C/s and a cooling step to 40 C.
Statistical analysis
Data are presented as median/range or mean AE SD, accordingly. Mann-Whitney U test or Student t tests were used to compare continuous variables accordingly. The Kaplan-Meier method with log-rank test was used to compare survival in each treatment group. P values were 2-sided throughout, and P < 0.05 was considered statistically significant. Data were analyzed using SPSS statistics 19.0 (SPSS Inc.). GraphPad Prism 4.0a (GraphPad Software) was used to draw graphs. To evaluate the extent of Src inhibition by SKI-606, p-Src (Y416) and total Src levels were analyzed by Western blotting. As shown in Fig. 1B (i) , SKI-606 treatment inhibited the activity of Src by decreased p-Src (Y416) as compared with vehicle-only controls. Moreover, the activity of its downstream effector, FAK, was also inhibited by decreased phosphorylation of FAK [Y397; Fig. 1B (iii) ] without changing the total FAK protein levels [ Fig. 1B (iv) ].
Results
Src
To determine the effects of SKI-606 on thyroid carcinogenesis, we compared the survival of Thrb
with or without treatment with the inhibitor. Treatment of mice began at 6 weeks of age and continued until they became moribund with signs of palpable tumor, labored breathing, hunched posture, and rapid weight loss. In moribund mice, the trachea was compressed because of the enlargement of thyroid tumor as previously reported (22, 23) . Survival analysis over a period of 7 months (Fig. 1C) showed that mice (n ¼ 11) treated with SKI-606 had longer survival with an increase in 50% survival age of 1.2 months as compared with untreated mice (n ¼ 15, P < 0.001).
Thyroids of sacrificed Thrb PV/PV Pten þ/À mice were dissected and expressed as the ratios of thyroid to the body weight.
As shown in Fig. 1D , thyroid weights of SKI-606-treated mice (n ¼ 11) were significantly lower than that of vehicletreated mice (n ¼ 15, P ¼ 0.02). There was no significant difference in total body weight between the mice treated with or without SKI-606 at the time of sacrifice (data not shown). These data suggested that the increased survival in SKI-606-treated mice was associated with a substantial decrease in thyroid weight as compared with vehicle-treated mice, indicating the effectiveness of SKI-606 in reducing tumor growth, leading to increased survival. Recent studies show that multitargeted tyrosine kinase inhibitors, such as sunitinb and sorafenib, could influence thyroid functions (28, 29) . It is known that TSH is a major weeks of age until they had to be euthanized because of sickness. Data are presented by Kaplan-Meier methods and analyzed by log-rank test. D, thyroids of vehicle-treated or SKI-606-treated Thrb stimulator of thyrocyte proliferation. To evaluate whether the decreased size of thyroid tumors after treatment with SKI-606 could possibly be due to decreased TSH levels, we compared serum TSH and total T4 levels ( Fig. 2 ). We found a small but significant increase in the levels of serum TSH by SKI-606 treatment as compared with vehicle treatment ( Fig. 2A) . A very small increase was also detected for total T4 (Fig. 2B ). These data suggested that the decreased thyroid tumor size in SKI-606-treated mice was not due to the effects of TSH.
SKI-606 inhibits vascular invasion and distant metastasis of thyroid cancer in
SKI-606 delays tumor progression by preventing dedifferentiation and inhibiting cell proliferation in thyroids of Thrb
To understand how SKI-606 inhibited thyroid tumor growth, we evaluated its effect on cell differentiation and proliferation. Remarkably, the follicular structure of the thyroid gland and its cellular polarity were largely maintained, similar to that of normal thyroid in the SKI-606-treated group as compared with vehicle-treated mice (Fig. 3A) . The cell population in thyroid was clearly decreased, and the quantification of cell density showed a 38% decrease after SKI-606 treatment as compared with vehicle treatment (Fig. 3C, P ¼ 0.003) . The antiproliferative effect of SKI-606 was clearly evident by the reduced staining of Ki-67 in the nucleus of thyrocytes of Thrb PV/PV Pten þ/À mice (Fig. 3B, right) as compared with the control (Fig. 3B, left) . Cells positively stained with Ki-67 were scored among total cells examined. Figure 3D shows about 50% reduction in the positively Ki-67-stained cells, indicating that treatment with SKI-606 led to inhibition of cell proliferation.
We further studied the protein abundance and activity of key regulators involved in cell-cycle progression in thyroid tumors affected by SKI-606 treatment. Western blot analysis shows that the protein levels of cyclin B1, cyclin E, and cyclin D1 were reduced by 20% to 50% after SKI-606 treatment [ Fig. 4A (i-iii) ]. The levels of cyclin-dependent kinases (CDK4 and CDK6) were also lower in the SKI-606-treated group than the vehicle-treated group [ Fig. 4A (iv and v) ]. In addition, SKI-606 treatment decreased the phosphorylation of the retinoblastoma [Rb; S807/811 and S780; Fig. 4B (i  and ii) ]. In its unphosphorylated state, Rb acts as a negative regulator of cell-cycle progression by binding to and inhibiting critical regulatory proteins, including members of the E2F family of transcription factors (Fig. 4B) . The intensities of the bands in Fig. 4A and B were determined, and the quantitative comparison is shown in Fig. 4C . These results suggest that inhibition of Src signaling pathway by SKI-606 reduced thyroid tumor growth by inhibiting cell proliferation and cell-cycle progression. We also evaluated the effect of SKI-606 on apoptotic pathways. That inhibition of Src activity by SKI-606 did not alter cell apoptosis in Thrb PV/PV Pten þ/À thyroids was indicated by the absence of changes in the protein levels of the proapoptotic factors Bad, Bax, and Bcl-XL (Fig. 4D) . No changes of cleaved caspase-3 or cleaved PARP were detected by Western blot analysis after treatment with SKI-606 (data not shown).
Treatment with SKI-606 inhibits the activation of MAPK pathways
MAPKs including extracellular signal-regulated kinases (ERK1/2), c-Jun N-terminal kinases (JNK), and p38 MAPK isoforms are serine/threonine-specific kinases that respond to extracellular stimuli and regulate various cellular activities such as gene expression, mitosis, differentiation, proliferation, and cell survival (30) . Src has an important role in the receptor tyrosine kinase-mediated proliferative responses through the activation of the Ras/ Raf/MEK/MAPK signaling pathways (31) . We therefore evaluated the levels of phosphorylated extracellular signal-regulated kinase 1/2 (p-ERK1/2) and phosphorylated p38 isoforms (p-p38) by Western blotting. Figure 5A shows that after treatment of SKI-606, the levels of p-ERK1/2 [ Fig. 5A (i) ] and p-p38 MAPK [ Fig. 5A (iii) ] were significantly lower in SKI-606-treated than in vehicle-treated thyroids of Thrb PV/PV Pten þ/À mice. The phosphorylated JNK (p-JNK) level, which plays an important role in inflammatory response and cancer microenvironment, was also lower in SKI-606-treated mice than in control groups (Fig. 5B) . The intensities of the bands in Fig. 5A and B were determined, and the quantitative comparison is shown in Fig. 5C . The ratios of p-ERK/ total ERK, p-p38/total p38, and p-JNK/total JNK were decreased by 95%, 80%, and 65%, respectively, indicative of marked attenuation of MAPK/ERK signaling in mice treated with SKI-606. These data indicate that inhibition of Src by SKI-606 led to blocking of downstream signaling via inhibition of phosphorylation cascades to decrease thyroid tumor growth and increase survival.
Src inhibition by SKI-606 reduces the EMT in thyroid carcinogenesis
The migration of tumor cells through matrix barriers, tissue compartments, vessels, and organ boundaries is essential in the development of distant metastasis (8) . Previously, Src was shown to promote the expression of matrix-degrading proteases such as matrix metalloproteinases (MMP) by diverse mechanisms. Through the ERK signaling pathway, the expression of MMP-9 is elevated, and through the CAS/Rac/JNK and paxillin/Rac/JNK pathways, the expression of MMP-2 and MMP-9 is upregulated (29, 32, 33) . We therefore evaluated the expression levels of MMP-9 and MMP-2 after treatment of Thrb PV/PV Pten þ/À mice with SKI-606. Consistent with the decreased activation of ERK and JNK signaling pathways (see Fig. 5B ), the protein abundance of MMP-9 was decreased by 90% [ Fig. 6A (i) and bars 1 and 2 of Fig. 6B ]. Figure 6A (ii) shows that whereas mice. We further determined whether the expression of MMP-9 and MMP-2 was also affected by SKI-606 at the mRNA levels by quantitative real-time PCR. Figure 6C shows that SKI-606 treatment decreased the mRNA expression of MMP-9 and MMP-2 (90% and 80%, respectively). Taken together, these data indicate that SKI-606 decreased the expression of MMP-9 and MMP-2 both at the mRNA and protein levels. Moreover, the conversion of pro-MMP-2 to the active form was also reduced by SKI-606 treatment.
Active MMP-2 was decreased by 50% without significant change in pro-MMP-2 protein levels [ Fig. 6A (ii) and B]. Quantitative real-time PCR data also indicated that mRNA expression of both MMP-9 and MMP-2 were also decreased by SKI-606 (Fig. 6C, P ¼ 0.04 and P ¼ 0.009, respectively) . The reduction of these proteases led to reduction in tumor cell migration.
We also examined the markers of EMT after treatment of Thrb PV/PV Pten þ/À mice with SKI-606. E-cadherin is involved in cell-cell adhesion, and activation of Src is known to decrease E-cadherin expression. As shown in Fig. 6D (i) , treatment with SKI-606 led to 2.2-fold increase of E-cadherin protein abundance as compared with vehicle-treated thyroids (see also the quantification in Fig. 6E ). Other EMT markers, vimentin and Slug (Snail-2), involved in invasion and tumor progression in the mesenchymal phenotype were decreased after treatment with SKI-606 [ Fig. 6D (ii and iii), respectively]. Taken together, our data indicate that reduction of Src signaling by SKI-606 blocks cancer progression and lung metastasis at least in part via inhibition of EMT in thyroid cancer.
Discussion
Genetic mutations of Src are very rare. But aberrantly activated Src and its downstream effector, FAK, are frequent in human cancers. Overactivation of Src increases cell growth and survival, as well as promoting the reorganization of the cytoskeleton and decreasing cell-cell and cellmatrix adhesion. These activities of Src ultimately facilitate cell motility and invasion (8) . Thus, inhibition of Src is a promising target for controlling primary tumor growth, invasion, and metastasis. In thyroid cancer, the increased expression of Src and FAK has been reported, and overexpressed FAK has been proposed to be a marker of invasive potential in thyroid cancer (10) (11) (12) . These findings suggested that Src could be a potential molecular target for treatment of thyroid cancer. The availability of Thrb PV/PV Pten þ/À mouse model that exhibits aggressive tumor progression and metastasis (17) provided us with an opportunity to test this possibility in vivo. In the present study, we showed that Src/FAK signaling was overactivated (see Fig. 1A and B) and therefore suitable for the evaluation of the effects of inhibiting this pathway on thyroid carcinogenesis. We showed that when the p-Src was inhibited by SKI-606, the survival of Thrb PV/PV Pten þ/À was prolonged, the thyroid growth was markedly decreased, the occurrence of tumor invasion and metastasis was delayed, and the degree was less severe. These findings clearly show that activation of Src/FAK signaling is critical in thyroid carcinogenesis. More importantly, the present study has identified an important potential molecular target for treatment of thyroid cancer. By the use of SKI-606 in inhibiting the Src/FAK signaling, the present studies have uncovered downstream effectors critical in thyroid carcinogenesis of Thrb PV/PV Pten þ/À mice.
The key cell-cycle regulators, such as cyclins (D1, B1 and E), CDKs (CDK4 and 6), Rb, and E2F1, were downstream effectors in mediating the proliferation of thyroid tumor cells of Thrb PV/PV Pten þ/À mice. Moreover, in addition to p38 The present studies also revealed that Src inhibition by SKI-606 reduced the extent of dedifferentiation of thyroid tumor cells during tumor progression as evidenced by regaining more normal thyroid follicular structures. Microenvironmental changes in cell-cell and cell-matrix adhesion and the activation of EMT play an important role in cancer cell invasion and metastasis. We found that the expression of E-cadherin, essential for establishing cellular polarity and maintaining epithelial integrity and cellular differentiation (35) , was increased after treatment with SKI-606. Consistent with our observations, decreased expression of E-cadherin was reported to be associated with dedifferentiation, increasing frequencies of distant metastasis, and poor prognosis of follicular thyroid cancer (36, 37) . Moreover, we also found that markers of the mesenchymal invasive phenotype, vimentin and Slug, were downregulated by Src inhibition. Although detailed molecular pathways Figure 6 . Src inhibition by SKI-606 reduces the EMT of thyroid cancer. A, Western blot analysis of MMP-9, pro-MMP-2, active MMP-2, and GAPDH as a loading control after treatment with vehicle (n ¼ 3) or SKI-606 (n ¼ 3). B, quantification of relative protein expression of MMP-9, pro-MMP-2, active MMP-2, and total MMP-2. C, relative mRNA expression of MMP-9 and MMP-2 was determined by real-time PCR. Total RNA from thyroid tumors after treatment with vehicle (n ¼ 6) or SKI-606 (n ¼ 6) was prepared. Results are presented as fold change to the mRNA level of vehicle-treated mice. D, Western blot analysis of E-cadherin, vimentin, Slug (Snail-2), and GAPDH as a loading control after treatment with vehicle (n ¼ 6) or SKI-606 (n ¼ 4). E, quantification of relative expression of proteins associated with EMT in thyroid cancer after using GAPDH as loading control.
leading to decreased dedifferentiation of tumor cells by SKI-606 treatment are not clear, it is reasonable to postulate that such events could be mediated by the changes in MAPK signaling observed in the present study. This notion is consistent with the previous reports in which inhibition of the MAPK and TGF-b signaling pathways was shown to decrease EMT and thyroid cancer cell dedifferentiation (38) . Treatment with SKI-606 could lead to inhibition of dedifferentiation of thyroid tumor cells and could offer additional benefits to patients with thyroid cancer with the possibility of increasing efficacy of radioiodine therapy and more positive prognosis. In summary, the present study clearly shows that overactivation of Src/FAK signaling promotes thyroid carcinogenesis and that Src and its several other downstream effectors are potential molecular targets for treatment of thyroid cancer.
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